INTRODUCTION
Woody debris is an important component in the functioning of forested stream ecosystems (Harmon et al. 1986 ). Its effect on stream characteristics is both dynamic and complex, and is affected by a wide range of factors including the size, stability, amount, orientation, degree of burial, and position of woody debris in the stream channel. As a result, the presence of woody debris can have a strong influence on channel morphology, reducing and deflecting stream flow, forming pools and backwaters. This increases the hydraulic complexity and diversity of habitats in the stream ecosystem (Swanson et al. 1976; Sedell et al. 1988; Abbe & Montgomery 1996) .
The majority of wood enters forested streams from windthrow, bank under-cutting or earthflows (Swanson et al. 1976 ). Its spatial distribution will depend on a range of factors including stream size, channel slope, geology, climate, forest type and age. Once in the channel, its movement is affected by flooding, although most woody debris is gradually broken down by decomposition processes and invertebrates (Swanson et al. 1976; Sedell et al. 1988) . The resistance of woody debris to flooding was emphasised by Evans et al. (1993a) who observed that a small, medium gradient New Zealand stream, effectively retained most of its wood during a 1 in 30-year flood.
In forested streams, woody debris provides a physical retention mechanism, controlling and reducing the extent of downstream movement of organic and inorganic material (Keller & Swanson 1979; Mosley 1981; Bilby & Ward 1989) . Woody debris dams are important storage sites of organic material in the stream, increasing the time available for biological processing before the organic material is transported further down stream (Bilby & Likens 1980; Cummins et al. 1995) . These sites also provide habitat and food sources for aquatic invertebrates and Downloaded by [202.126.197 .200] at 15:29 15 January 2013 New Zealand Journal of Marine and Freshwater Research, 1999, Vol. 33 fish (Harmon et al. 1986; Bisson et al. 1987 ) and can provide an alternate stable substrate for aquatic fauna in streams with mobile sandy/gravel streambeds .
In New Zealand, pine plantations cover 1.5 million ha, 6% of the total area of New Zealand. The dominant species is Pinus radiata which makes up 91% of the total planted area (NZFOA 1997) . Little data is available on the amount and distribution of woody debris in pine plantation streams, particularly in the small first-to third-order streams, where woody debris has the most influence on stream dynamics (Harmon et al. 1986; Sedell et al. 1988; Bilby & Ward 1989) . Woody debris characteristics have been measured by: Evans et al. ( 1993b) in two streams in 10-year-old pine plantations; Quinn et al. (1997) , in three streams of 15-year-old pine plantations; and Collier et al. (1998) in three streams in mature and recently harvested pine plantations in New Zealand.
The introduction of the Resource Management Act 1991 (RMA) in New Zealand, has focused attention on harvesting operations along stream edges, the effect on the amount of woody debris in the stream channel, and whether this has adverse impacts on stream ecosystems. A wide variety of harvesting systems and practices are used in New Zealand to harvest along stream edges, and as a result, the amount of woody debris that ends up in the stream is highly variable. Where possible, forest companies are minimising woody debris input in streams.
This paper explains the methodology that was developed to measure woody debris characteristics in small streams in a pre-and post-harvest study. It describes the woody debris characteristics in mature pine plantation streams, before harvesting, and compares these characteristics to those of the temperate (native) forests of New Zealand and North America. The information from this study will be used as a benchmark in future studies to analyse changes in woody debris characteristics after harvesting.
METHOD
Study sites Woody debris was measured at 24 stream sites in five regions of New Zealand, covering a range of geological and soil types (Table 1 ). All stream sites were located in Pinus radiata plantations ranging in age from 22 to 34 years, apart from one stand of Pinus nigra, aged 68 years. The streams were firstto third-order streams (Strahler 1957 ) with catchment areas varying from 16.4 to 2200 ha. Mean stream channel width varied from 0.5 to 5.5 m (Table 1) .
Development of a methodology Direct weighing of all woody debris, or making measurements along a transect line, are two methods commonly used to measure woody debris (Warren & Olsen 1964; Van Wagner 1968; Brown 1974; Belanger et al. 1984) . Direct weighing was not considered a practical option in this study. Van Wagner (1968) developed a method for estimating wood volume on the ground, based on the line intersect technique of Warren & Olsen (1964) . This eliminated the requirement to measure piece length. A line is laid across the area to be measured and the diameter is recorded of every piece of wood which intersects the line. This method applies to randomly orientated cylinders lying on a horizontal surface. Brown (1974) introduced a corrective factor to Van Wagner's line intersect method to account for ground slope and the non-horizontal angle of the smaller piece sizes (<7.62 cm in diameter), where the tilt was >25°. Brown's (1974) ground slope corrective factor applies to slopes of 20° or more. The ground slope corrective factor was not required in this study, as stream channel slopes in all sites were <20°. Van Wagner (1968) showed that when the non-horizontal angle of the smaller pieces reached 25°, the error was <10%. As the proportion of pieces of wood that fell into this category was small, the non-horizontal corrective factor was not used. Woody debris below the 1 cm diameter class was not recorded as this material contributes to a small portion of the total wood volume. Belanger et al. (1984) found the piece sizes in the 0-0.63 cm diameter range accounted for 56% of the pieces counted, but only 1-2% of the total volume, in the residual forest biomass of Picea glauca and Pinus contorta stands in Canada.
Although Van Wagner' s method has been used predominantly in post-harvest wood waste assessments, it has also been used to measure woody debris in streams (Wallace & Benke 1984; O'Connor 1992) . Wallace & Benke used the line intersect method to estimate volume, mass, surface area, and spatial distribution of woody debris in fourth-and sixth-order streams in south-eastern United States. O'Connor used the line intersect method at 10 sites in an Australian lowland stream system. In both studies, 20 transects were sufficient to achieved 95% Downloaded by [202.126.197 .200] at 15:29 15 January 2013 confidence intervals that were generally <50% of the (95% confidence interval (CI)) for Stream 1 ; and 37 mean.
The Van Wagner line intersect method was m 3 ha^1 ± 28 m 3 ha~' for Stream 2. This was because of the short transect lengths in the small streams and trialled in two streams using 21 transects along a the high variability of woody debris volumes per 100 m section of stream. The statistical error was high in both streams-210 m3ha-' ± 141 m 3 ha" 
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transects and 65 transects respectively would have been required to achieve a 95% confidence interval which was <40% of the mean (calculated on +2 SE). This level of precision would allow comparative analysis of woody debris measurements between sites and in future pre-and post-harvest woody debris analysis. However, this number of transects was impractical for this study, so the woody debris measurements were stratified. Small woody debris in the 1-9 cm diameter classes (SWD) was measured using transects. All large woody debris pieces >10 cm in diameter (LWD) in the 100 m section of stream, were measured for diameter and length. In the two trial streams this reduced the 95% Cl in transect measurements to 44 and 39% of the mean. The CI refers to the accuracy of the wood volume only over the 100 m length of stream studied. As LWD was completely sampled over this length, only SWD contributed to the calculations of CI.
Measurement
At each site, the stream was visually assessed to select a representative 100 m section of stream channel for the woody debris measurements. Twenty-one transects were randomly orientated 5 m apart along the 100 m section (Fig. 1 A) , to measure the SWD. Wood in smaller sized streams is predominantly orientated perpendicular to stream flow (Robison & Beschta 1990) . To reduce the error from orientation bias of the wood, transect angles were randomly selected in 15° steps from 0 to 165° (Fig. IB) (Bell et al. 1996) . There was a tendency for transect lines on the 0, 15, and 165° bearings to extend for long distances up the stream channel, particularly if the stream was relatively straight. To limit transect length, the distance was measured across the stream channel at an angle of 45° and this length was laid along the original bearing.
The SWD pieces were tallied in 1 cm diameter classes and classified as in-stream, above stream, or on the floodplain (Fig. 2) . Tallying rules followed those outlined in Van Wagner (1968). All LWD within the 100 m section of stream channel was measured for large end diameter (LED), small end diameter (SED), and length and also classified as instream, above stream, and on the floodplain.
All dead woody material was measured except for very rotten material which could be easily kicked apart. Woody debris that extended into the substrate was measured up to the point where it was buried.
Measurements were taken of the ground slope, channel bank height and slope, floodplain width, streambank height, and stream width and depth (mean of three depth measurements) (Fig. 2) . These measurements were taken at the beginning of the 100 m section of stream reach and repeated where any significant channel morphology changes occurred. The stream and floodplain widths along the 100 m section of stream were used to calculate the area of stream channel in which the woody debris was being measured. LWD surface area (m 2 ha " 1 ) was calculated using the same procedure as for LWD volume.
Analysis
A two-way ANOVA, followed by a least significant difference test was used to determine any significant differences in the distribution of woody debris volumes and surface areas in the stream channel. A one-way ANOVA was used to test for differences in woody debris volumes between stream orders and for any regional variances in woody debris volumes.
Conventional correlation methods and multiple regression analysis were used to test for any relationships between woody debris volumes in the stream channel and Pinus stand characteristics of age (years), piece size (m 3 ), stocking (stems ha" 1 ), volume of wood (m3ha" 1 ), catchment area (ha), and ground slope (c). Log transformations were used where data was skewed. Conventional correlation methods were also used to compare stream width with mean diameter, mean length, and mean piece volume of the LWD pieces.
RESULTS

Woody debris volume
Woody debris volumes across the 24 stream sites were highly variable, ranging from 2 to 345 m 3 ha" 1 , with a mean volume of 112 m 3 ha" 1 ( Table 2 ). Most of the woody debris in the stream channel was composed of LWD (Table 2) . LWD volumes averaged 97 m 3 ha~1, SWD volumes averaged 15 m 3 ha"'. Woody debris volumes were normally Downloaded by [202.126.197 .200] at 15:29 15 January 2013 distributed across the diameter classes (Fig. 3) . Fifty percent of the wood volume was in the 20-24 to 35-39 cm diameter classes.
Although the 95% CI of the SWD volumes at the two initial trial sites were close to 40% of the mean (14 m 3 ha"' ± 6 and 15 m 3 ha -1 + 6 respectively), many sites had confidence intervals greater than this ( Table 2) . As stated earlier in the methods section, the absolute measurements of the LWD helped to reduce the margin of error for total woody debris volumes. Figure 4 shows the distribution of the mean woody debris volumes in the stream channel. Ten percent of the total woody debris volume was instream, 67% was positioned above the stream, and 23% lay on the floodplain. The volume of woody debris above the stream was significantly higher than the volumes in-stream and on the floodplain (P < 0.01).
The mean volumes of woody debris in the first-, second-, and third-order streams were: 112 ± 63, 83 ± 46, and 143 ± 134 m 3 ha~' respectively. No significant differences in wood volumes were found between the stream orders (P > 0.05), nor was regional variance a factor in influencing woody debris volumes. No relationships were found when comparing stream width with LWD diameter, length, and piece size.
The age, piece size, stocking, wood volume, catchment area, and ground slope of the Pinus stands Table 2 Woody debris volumes for small woody debris (SWD) (+ 95% CI), large woody debris (LWD) and total woody debris for each stream site and mean woody debris volume and surface area for SWD and LWD and total woody debris (± 95% CI). Because of rounding conventions, the addition of the SWD and LWD volumes for each stream site does not necessarily equal the total volume. 
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showed no significant correlations with woody debris volumes in the stream. Attempts to include more than one variable to predict woody debris volumes in the stream, using multiple regression, failed to find any significant relationships.
Woody debris surface area
Woody debris surface areas averaged 2883 m 2 ha~' (Table 2) ranging from 220 to 6769 m 2 ha"'. Large woody debris surface areas averaged 1388 m 2 ha"', 48% of the total surface area. The SWD surface areas averaged 1495 m 2 ha-1 , 52% of the total surface area ( Table 2) .
Distribution of woody debris surface area in the stream channel, was similar to the woody debris volumes (Fig. 4) . The surface area of the woody debris above the stream was significantly different from the in-stream and floodplain surface areas (twoway ANOVA, P < 0.05).
DISCUSSION
Performance of the measurement method
The high statistical errors (Table 2 ) when using the Van Wagner line intersect method to measure SWD Downloaded by [202.126.197 .200] at 15:29 15 January 2013 in streams were mainly because of the variability of wood distribution along the stream channel, and the short transect lengths in small streams. Extending the 100 m length to add in extra transects may not reduce the error significantly, especially if the stream character (i.e., channel morphology) changes. The pilot study showed that stratifying the woody debris measurements, so that transects measured the SWD and absolute measurements were taken of the LWD, was a more effective way of reducing the sampling error. It took on average, 4 h (excluding travel time) for two operators to complete the woody debris and channel morphology measurements at each site, using this method.
Both Wallace & Benke (1984) and O'Connor (1992) were able to achieve similar precision (95% confidence intervals) to this study using transects only. Wallace & Benke (1984) were sampling in larger streams than those sampled in this study, which would have increased the length of their transects. Stream widths were not stated in the O'Connor paper, but were likely to be larger than the streams in this study as they were lowland streams.
Maintaining accurate measurements along transect lines can be difficult in areas of concentrated volumes of wood. If the depth of the wood in the stream channel is greater than the arm reach of the operator, and it is unacceptable to disturb the wood, woody debris measurements will be underestimated. Transects would be unsuitable when measuring large accumulations of woody debris such as debris dams.
Randomly-oriented transects were used successfully in small streams to overcome the orientation bias of the wood. However, in wider streams, these transects can potentially extend for long distances along the stream channel, and in some instances, particularly at stream bends, the transects can overlap.
Woody debris characteristics
Woody debris volumes and surface areas in the pine plantation streams of New Zealand have been compared with streams of similar size and order in the temperate native forests of New Zealand (Evans et al. 1993b; Quinn et al. 1997; Collier et al. 1998) and the temperate forests of North America (Harmon et al. 1986; Carlson et al. 1990; Robison & Beschta 1990) . Woody debris volumes and surface areas include all material >1 cm in diameter, LWD volumes, and surface areas include all material >10cm. Where other studies have used different parameters to these, they have been noted in the text. Table 3 compares mean woody debris volumes and surface areas from this study with those from other New Zealand studies of woody debris in native forests and pine plantations. Woody debris volumes in this study were similar to those found in streams of mature and 15-year-old pine plantations and older native forests (Evans et al. 1993b; Quinn et al. 1997; Collier et al. 1998 ) (NB. Evans measured all woody debris >2.5 cm). The young (10-year-old ) native and pine plantation streams had mean woody debris volumes which were much lower than the volumes in this study (Evans et al. 1993b) .
Windthrow from surrounding stands, and in Southland, remnant native hardwoods, were the main Table 3 Mean (±95% CI) woody debris volumes, surface areas, and % submerged wood in this and other New Zealand studies, in native forest and pine plantation streams. (NB. Other studies expressed errors as ± 1 SE. These have been doubled to give an approximation to the 95% CI.) (ND = no data.)
Mature pine plantations (n = 24)* Mature pine plantation (n = 3) f Pine plantation, 15 years old (n = 3)* Pine plantation, 10 years old (n = 2) § Ancient native forest (n = 2) § Native forest, 120 years old, previously burned (n = 3) § Native forest podocarp/hardwood (n = 3)* Regenerating native forest, 10 years old (n = contributors to high LWD volumes in the pine plantation streams (Fig. 3) . LWD also accounted for most of the woody debris in the pine plantation and native streams of Quinn et al. (1997) . Evans et al. (1993b) found that LWD contributed to c. 50% of wood surface areas in the ancient native forests. However, SWD contributed to most of the woody debris in the 120-year-old forest. Evans et al. (1993b) attributes this to the influence of the amount of SWD in several debris dams to the overall results. The low amounts of LWD in the regenerating native and young pine plantation forests (Evans et al. 1993b) were part of the overall low woody debris volumes in these streams, a factor of their young age and previous land-use history. Mean woody debris surface areas in this study were similar to those in the older native forests of Evans et al. (1993b) , but were higher than surface areas in the young pine plantation and regenerating native forest streams. Surface areas were higher than in the native streams and lower than in the 15-yearold pine plantation streams measured by Quinn et al. (1997) .
The submerged wood in the stream channel is immediately available to in-stream biological processing. Wood on the floodplain and above the waterline provides additional sources of wood to the stream channel over time during high water or flooding events or from gradual decay. The percentage of wood that was submerged (in-stream) varied from 6 to 25% across all the stream sites in Table 3 . The mean of 10% submerged wood in this study is toward the lower end of the range. As the amount of wood submerged will depend on the state of flow at the time of measurement, the percentage of submerged wood will vary. Flow rates weren't measured in this study, but measurements were made at low flow, to ensure operator safety and clear visibility when locating and measuring woody debris in the water. Figure 5 compares the range of LWD volumes in the mature pine plantation streams of this study, to those found in the streams of the temperate forests of North America. LWD volumes are similar to those in North American Picea forests and unlogged and previously logged forests of PicealAbiesI Pseudotsuga, but are at the lower end of the range when compared to streams in SequoialSequoiadendron and Pseudotsuga forests. LWD volumes were also low compared to streams in the Picea/ Tsuga/Alnus forests of Southeast Alaska. (Robison & Beschta 1990 ) (NB. Robison & Beschta defined LWD, as all material >20 cm). However, the streams in the Pinus radiata stands of this study, have much higher LWD volumes in comparison to North American Pinus stands. Although only total woody debris volumes were available for the New Zealand native forest streams, Fig. 5 shows these volumes to be low in comparison to the New Zealand pine plantation streams and the streams of North America.
Although this study found no relationships between stream size and LWD characteristics, this is contrary to the findings of Bilby & Ward (1989) and Robison & Beschta (1990) . Bilby & Ward (1989) found that mean diameter, length, and volume of pieces of wood increased as channel width increased, but the frequency of occurrence decreased. Robison & Betscha (1990) found that Downloaded by [202.126.197 .200] at 15:29 15 January 2013 coarse woody debris volumes per 100 m of stream length increased with stream size whereas total coarse woody debris per unit bankfull area decreased. Similar relationships may exist in the streams of mature pine plantations but the narrow range of stream widths studied (0.5-5.5 m) and the high variability of site characteristics (Table 1 ) could have obscured any trends.
Although windthrow, and to some degree remnant native hardwoods, account for most of the woody debris in streams before harvesting, harvesting operations can potentially provide the largest source of woody debris in the stream channel (Collier et al. 1998) . Post-harvest measurements of woody debris in the streams of this study will identify any changes in the volume and distribution of woody debris resulting from harvesting practices.
